Alluvial rivers at low land as in Bangladesh are highly dynamic in nature; where huge landloss due to severe bank erosion at high flood as well as repeated interruptions of navigation system due to rapid sedimentation at low flow are very common. Groynes, revetments etc. are typically used to overcome these problems, but the goals are not achieved as expected. This study investigates the optimum design of a groyne for its effective functioning. A 2D model, RIC-Nays is utilized in this study upon confirmation. The channel and flow parameters are based on conformity to a typical river of Bangladesh. Four orientations and three configurations of groynes are considered here. The performance of groynes is evaluated through three key indices -erosion in channel bed (thalweg), deposition in groyne field, and scour near groyne-tip. Computations reveal that a modified groyne functions better over the straight ones through protection of channel bank from erosion and maintenance of navigation channel as well.
INTRODUCTION
Alluvial rivers are highly dynamic in nature as they pass through alluvium, loose sedimentary materials formed through entrainment, transportation and deposition, involving diverse phenomena like turbulent flow, secondary flow, sediment transport, bank erosion process and so on.
(1) Alluvial river, Jamuna in Bangladesh
The country is a part of the Bengal delta, formed by the complex influence of three mighty river systems of the world: the Ganges, the Brahmaputra and the Meghna. This is the lowest riparian country, and thus it has been the natural outlet for enormous amount of water and sediment over the annual cycle. Planform changes are particularly dramatic in the Jamuna river (downstream part of Old Brahmaputra distributary in Bangladesh), and this large, braided, sand-bed river has a total width of the order of 10 to 15 km and a number of islands are present inside the river. A widely varying discharge and highly mobile boundaries cause response to fluvial processes quickly within its braided system. A mean annual peak discharge of approximately 69,000 m 3 /s with a maximum of approximately 100,000 m 3 /s (recorded in 1988) is known from the daily discharge data recorded at Bahadurabad, and an annual sediment transport is found up to 2000 10 6 tons, the third highest alluvial sediment load in the world.
(2) Problem definition
Severe erosion of river bank at high flow in Jamuna River causes massive havoc in different areas devouring vast tract of lands, making further shrinkage in the cultivable areas, and rendering thousands of people landless and homeless. Also rapid deposition in the streams and floodplains changes its topography and seriously reduces navigability of drainage channels at low flow. Here large seasonal variations in river flow and the gradual shallowing of riverbeds cause bank erosion and channel migration, thus keep the channel unstable. Conventional groynes, revetments etc. are typically used to overcome these problems, but the targeted goals are not achieved as expected: sudden and big responses from these structures in one way, leave behind strong eddies near the groyne-tip causing local scour responsible for instability of the structures, and the diverted flow affects other regions such as islands where a large number of people are living etc., and stable water courses are not established rightly. However, in large rivers (in terms of width) like Jamuna, it is too expensive and impracticable to contract the total flow providing groynes on both sides. Despite the history of groynes is for long and their widespread use, there is still lack of knowledge about their effects in rivers, and a little effort has been put in optimization in the design. A way of overcoming these problems is thought in the form of some modified groynes examining first the effect of groyne-angles; so as to minimize the impact to other regions, also to minimize local scour, and to train the flow gently in the desired direction for development of deeper channel in dry season.
So far experimental works led to a better understanding of the groyne-induced flow 1), 2) , but not to optimized design of new groynes. The possibilities of exploring alternative designs have come into sight with the availability of computer models. Depth-averaged two-dimensional models have been used to simulate hydrodynamic flowfields near groynes considering corrections for streamline curvature in momentum equations 3),4) . Using large eddy simulation, McCoy et al. (2008) studied the flow hydrodynamics in a straight channel containing a series of groynes with shallow embayments 5) . This paper presents the possibilities of alternative groyne-designs for better modification of fluvial processes in natural rivers with shallower embayments at high flow and low flow both. The effect of angle of straight groynes has recently been studied, and included here for comparison with that of other configurations 6) .
(3) Aim and objectives
This study is mainly aimed at improving the understanding in stabilization of alluvial rivers through protection of bank from erosion at high flood and establishment of navigation channel at low flow as well. Keeping in view the above considerations, objectives of the present study can be summarized as follows: (i) To study the flow dynamics against various orientations and configurations of groynes in sand-bed alluvial river channels.
(ii) To study the sediment processes and the morphodynamics against these groynes. (iii) To compare their performances to suggest the best one for field uses.
MODEL SETUP AND PROCEDURE (1) Model setup
The modeled area is a schematized straight river reach with four emerged groynes of same orientation or configuration for each run, which is 400.0 m long (L) and 280.0 m wide (B) with a bed slope of 7.5 cm/km. Groynes are located at one side of the reach with projected length L g = 40.0 m and spacing S = 100.0 m (i.e. aspect ratio S/L g = 2.5). Figs. 1(a,b) depict the model layout with one of the configurations of groynes and grids, and channel cross-section, respectively. The bank regions are provided with a mild slope, 1:9 on either sides to replicate the effect of low flow, because a part of the groyne-length is effective to function that time. Different angles and configurations (Table 1) are considered here to explore the optimum design of a groyne, and the configurations designated by m1, m2 and m3 are based on the results from groyne-angles (Fig. 2) . The groyne m3 is parabolic as x = cy n , where, c = 0.01, exponent n = 1.78, and it maintains an average angle 80 0 . Downstream aligned last-half portion of m1 and m2, and curved configuration of m3 are considered to promote the flow to concentrate for deeper channel at low flow, to minimize big responses and also scour near groynes at high flow. Table 1 The cases considered in the study. For the impermeable groynes, the cells in computation domain are made solid; while for the permeable ones, the area of a groyne is occupied by a group of non-submerged cylinders which have form drags against flow, and the parameters related to this drag, such as diameter (d v ), density (N a ) and drag co-efficient (C d ) are combined into the factor K which becomes 14.16 in the computation. The groyne angle 100 0 is not considered in this case as there may have an influence of flow towards bank. Idealized flow and sediment parameters are considered in the computation: two different discharges, 2600.0 m 3 /s (Q h ) and 650.0 m 3 /s (Q l ), are considered to replicate the responses from groynes at high flow and low flow both considering the variation of flow in the river over the hydrological year corresponds to two main flow seasons there, and the median size of sediment is chosen as 0.16 mm for the whole domain.
(2) Procedure
In this study three main indices are considered as design criteria of groynes through which their performances be confirmed: (i) erosion in main channel (thalweg) (ΔZ ch , Y ch ) (ii) deposition in groyne field (ΔZ gf ), and (iii) scour near groynes (ΔZ g ) (Fig. 3) . The first one represents the maintenance of navigation channel, the second one the anti-erosion of bank, and the third one indicates the stability of groyne structures. As the channel responses from a series of groynes should be similar throughout the length (for cyclic boundary condition), the middle region of the domain is considered for analysis, and the values of the indices are averaged there, except that ΔZ g means the average of maximum scour depths near 2 nd and 3 rd groyne-tips. The channel responses against a series of groynes of various orientations and configurations are studied with a numerical model. RIC-Nays, a two-dimensional (2D) model for flow and morphology is utilized in the present study upon confirmation through the detailed experimental data. The shallow-water equations for 2D unsteady flow expressed in a general coordinate system are solved on the boundary-fitted structured grids using the finite-difference method. Streamwise bed load is calculated by Ashida and Michiue (1972) equation; the effect of cross-gradient and the influence of secondary flow, are then taken into account [7] [8] [9] . In considering suspended sediment, an exponential profile of concentration is assumed, entrainment rate is calculated by Itakura and Kishi's (1980) formula 10) , and the 2D advection-diffusion equations are used to know planar distribution of depth-averaged concentration. Finally the bed deformation is determined using the 2D sediment continuity equation. Equations are solved for the unknown nodal values by an iterative process. First, the flow field is computed utilizing initial and boundary conditions; the sediment transport field is then computed, and used to compute erosion and deposition rates, followed by bed topography updating. After bed topography changes, the flow field has to be recomputed.
The model is verified with experimental data of Rajaratnam and Nwachukwu (1983) , where they studied the flow in a laboratory flume near groyne-like structures 11) . The flow-fields of the physical model are well reproduced by the numerical model outside of the groyne field, but some discrepancies are present downstream of the groyne where the flow is highly skewed. Although, the flow phenomena near a single groyne, especially for a submerged one, are three-dimensional (3D); the physics of the present problem (series of groynes with shallower embayments), however, is almost two-dimensional. Moreover, a depth-averaged 2D model is advantageous for its cost-effective and easiness to calibrate and it requires less input data for practical engineering applications.
Initial and downstream water surface is set by uniform flow condition. A dynamic equilibrium state of sediment transport is assumed at the upstream end, where the bed load transport rates per unit width are specified using the Ashida and Michiue (1972) formula, and entrainment rate for suspended sediment is calculated by Itakura and Kishi's (1980) formula. We provide relatively smaller grid sizes near groyne, which increase with distance from the structure. A computational time step of 0.1 sec. is set in the computation and all of the runs are made for the duration of 7 days, when the temporal variations of variables are considerably reduced. The computation is made for flow and bed topography both past an infinite series of groynes.
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RESULTS AND DISCUSSION
Selected results of the flow-fields and bed-topographies are presented in this section to understand the morphodynamics resulted from interaction of groynes of various designs to choose efficient one.
(1) Flow patterns
The computations show that flow contracted due to intrusion of groynes into the channel and thus cause the flow to accelerate in the main channel. These can be observed from Figs. 5(a-c) , where the existence of a skewness of streamwise components of velocities u is depicted with higher intensity at high flow and vice versa. Among the groynes a little variation of this intensity can be marked; like, a little higher value is found for smaller angles at smaller distances at high flow; and for the modified groynes, m1 shows relatively lower intensity with peak value at higher distance at high flow condition; m2 is with higher intensity at relatively lower distance, and m3 is in between these two. Similar results are also found for low flow, except differences in the distances.
Figs. 6(a-f) show depth-averaged velocity-fields along with bed-topographies in the whole reach for various orientations and configurations of groynes. At high flow condition, mostly one-gyre (large-scale secondary flow eddy inside the embayment) system occupies the whole area of the impermeable straight groynes [ Fig.  6(a) ]. Whereas, two-gyre velocity-fields are observed at low flow condition with higher aspect ratio [ Fig. 6(b) ], except that it is not clear for the case of 100d at high flow and low flow both. In contrast with the impermeable groynes, the momentum transfer by the water flowing through the permeable groynes prevents the formation of a recirculating flow, and mostly, results in a unidirectional flow in the groyne fields [ Figs. 6(c,d) ] with some irregularities at high flow; however, some scour is still present near groynes at high flow. For all, but m2 of the modified groynes, two-gyre system occupies the whole area of the groyne fields; and one-gyre is present for m2 at high flow [ Fig. 6(e) ]. The upstream part of a groyne field contains the secondary gyre in the direction opposed to the primary gyre. Flow velocity in the groyne fields is much slower than that of the main channel, so that it does not exceed the transport capacity, hence settle down. But, flow recirculation is found strong enough for 70d to affect the bank; whereas, it is not so strong for the groyne m2, though its far-bank part is 70 0 with the flow. So that, no near bank erosion is present for m2, as found for 70 0 aligned straight groynes. May be, 90 0 first-half part of the groyne favors in doing so.
(2) Morphological changes
In case of straight and impermeable groynes with high flow, final bed-topographies are almost identical [ Fig. 6(a) ], with a little higher impact for smaller angles at smaller distances and vice versa, correspond to the velocity profiles [ Fig. 5(a) ]. Also at low flow, higher impact is found for smaller angles and some irregular patterns of channel bed, like sandbars are formed near groyne-region [ Fig.  6(b) ]. In permeable cases, higher effect for smaller-angled groynes is also visible in Figs. 6(c,d) . For alternative designs, response is found higher for m2 [ Figs. 6(e,f) ]. Some small scour-holes are present near groyne-tip at high flow; whereas, a channel-like formation is seen near the normal line (the line joining the groyne-tip) at low flow, followed by formation of some sandbars alongside.
All sets of the computed and averaged data for the middle-groyne region (between 2 nd and 3 rd ones): erosion in channel bed, distance of thalweg, deposition in the groyne fields, and scour depth near groynes are summarized in Table 2 (normalized by  low Fig. 7 (c) also shows the variation of scour depth near impermeable groynes at high flow condition, where lower values are evident for smaller angles; these are not significant for comparison at low flow, so that these data are not noted for low flow condition. In case of modified groynes, erosion in channel bed is found higher for m2 at high flow and low flow both [ Figs. 7(a,d) ], provided that thalweg is formed at a closer distance compared to other groynes at high flow [ Fig. 7(b) ], but it differs at low flow due to formation of some sandbars near groynes [ Fig. 7(e) ]. Whereas, the erosion is found lower in case of m1 and this value from m3 is within the range of other two. Aggradation in the embayments with groyne m1 is found higher, and this is lower and almost similar values for groynes m2 and m3 [Figs. 7(c,f) ]. Scour depth near groynes is significantly reduced for m2 and m3 at high flow condition as depicted in Fig. 7(c) . 
CONCLUSIONS
The conclusions drawn are as follows.
i. Smaller-angled groynes are functioning better in respect of deepening the channel bed, except that deposition near bank reduces; even near bank erosion is present at high flow for 70d (impermeable). Thus the groyne 80d can be the optimum (straight) one. ii. From the results of alternative groyne-designs, m2 (first-half part is normal to bank, then 20 0 towards downstream) is functioning better through deepening the main channel at low flow, also providing safety to the channel bank from erosion at high flow, and it improves the channel responses compared to the conventional ones. Thus this groyne can be recommended to optimize the problem of navigation and bank erosion both in sand-bed alluvial rivers.
However, more experimental data for the proposed design varying aspect ratio are required to test their general applicability. Also a combination of a permeable part in the groyne can be tested to improve deposition minimizing strong recirculation.
